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Summary 
In mammals, odors are detected by -1000 different 
types of odorant receptors (ORs), each expressed by 
a fraction of neurons in the olfactory epithelium. Neu- 
rons expressing a given OR are confined to one of four 
spatial zones but are distributed randomly throughout 
that zone. In the olfactory bulb, the axons of neurons 
expressing different ORs synapse at different sites, 
giving rise to a highly organized and stereotyped infor- 
mation map. An important issue is whether the epithe- 
lial and bulbar maps evolve independently or are 
linked, for example, by retrograde influences of the 
bulb on the epithelium. Here we examined the onset 
of expression and patterning of genes encoding ORs 
and sensory transduction molecules during mouse 
embryogenesis and in mice lacking olfactory bulbs. 
Our results argue for an independent development of 
epithelial and bulbar maps and an early functional de- 
velopment that may be pertinent to pattern develop- 
ment in the olfactory bulb. 
Introduction 
The ability of mammals to discriminate thousands of odors 
is thought to derive from information processing events 
that occur at distinct anatomical sites along the pathway 
followed by incoming olfactory information (reviewed in 
Kauer, 1987; Scott et al., 1993; Shepherd, 1994). The ini- 
tial events in olfactory discrimination occur in olfactory 
sensory neurons embedded in a specialized olfactory neu- 
roepithelium that lines part of the nasal cavity. Odorous 
stimuli are transduced by these neurons into signals that 
are transmitted to the olfactory bulb of the brain. The olfac- 
tory bulb, in turn, transmits signals to the olfactory cortex, 
which then relays the information to numerous other brain 
regions. 
tn previous studies we identified a multigene family that 
appears to code for odorant receptors (ORs) on olfactory 
sensory neurons (Buck and Axel, 1991). The large size 
and diversity of this family suggest that odor discrimination 
in mammals relies upon the differential odor recognition 
properties of 500-1000 different ORs (Buck and Axel, 
1991; Levy et al., 1991; Raming et al., 1993; Ben-Arie et 
al., 1994; reviewed in Buck, 1992; Lancet and Ben-Arie, 
1993; Ressler et al., 1994a). Each OR gene is expressed 
by only a small fraction ( -  0.1%-1%) of olfactory sensory 
neurons, suggesting that each neuron might express only 
a single receptor type (Nef et al., 1992; Strotmann et al., 
1992; Ngai et al., 1993; Ressler et al., 1993; Vassar et 
al., 1993; Chess et al., 1994). In mammals, the olfactory 
epithelium is divided into at least four distinct spatial zones 
in which different sets of OR genes are expressed (Ressler 
et al., 1993; Vassar et al., 1993; Strotmann et al., 1994). 
Neurons that express a given OR gene are found in only 
a single zone; however, they are randomly scattered 
throughout hat zone. This suggests that sensory informa- 
tion is broadly organized into spatial sets prior to transmis- 
sion to the olfactory bulb. 
The zonal organization seen in the nose appears to be 
maintained in the bulb, since different zones project to 
different regions of the bulb (Le Gros Clark, 1957; Land, 
1973; Costanzo and O'Connell, 1978; Greer et al., 1981; 
Saucier and Astic, 1986; Schwob and Gottlieb, 1986; 
Stewart and Pedersen, 1987; Schwarting and Crandall, 
1991 ; Ressler et al., 1993; Schoenfeld et al., 1994). In the 
bulb, the axons of olfactory sensory neurons form syn- 
apses with the dendrites of olfactory bulb neurons within 
discrete synaptic units called glomeruli (reviewed in Shep- 
herd and Greer, 1990; Scott et al., 1993). Each sensory 
neuron innervates only 1 of the 2000 or so glomeruli in 
the mouse olfactory bulb (Royet et al., 1988; Pomeroy et 
al., 1990), However, each glomerulus receives input from 
1000-2000 sensory neurons. Recent studies suggest that, 
while neurons that express the same OR are randomly 
distributed throughout one zone in the nose, their axons 
converge on a limited number of glomeruli (Ressler et al., 
1994b; Vassar et al., 1994). Furthermore, it appears that 
glomeruli that receive input from a particular OR have the 
same locations in different animals. This suggests that 
sensory information that is broadly organized in the nose 
is refined in the olfactory bulb into a highly organized and 
stereotyped information map in which each glomerulus 
might receive information from neurons expressing only 
a single receptor type. 
How do sensory neurons that are randomly arrayed 
within one zone in the nose come to synapse at a few 
reproducible sites in the olfactory bulb? A number of differ- 
ent mechanisms by which an information map in the olfac- 
tory bulb might be established have been considered 
(Brunjes and Frazier, 1986; Graziadei and Monti Grazia- 
dei, 1986; Lancet, 1986; Schwob, 1992; Mori, 1993; Farb- 
man, 1994; Lewin, 1994; Ressler et al., 1994b; Vassar et 
al., 1994). One possibility is that neurons select an OR 
gene for expression (make a "receptor choice") prior to 
target selection, and then the axons navigate to the proper 
synaptic target. By analogy with the establishment of ap- 
propriate connections in other systems, this could be ac- 
complished by pathfinding and target recognition mole- 
cules as well as activity-dependent mechanisms (reviewed 
in Shatz, 1990; Goodman and Shatz, 1993). On the other 
hand, patterns of OR gene expression in the olfactory epi- 
thelium could be imposed by the olfactory bulb. For exam- 
ple, it has been proposed that the olfactory sensory neuron 
does not select an OR gene to express until after it has 
formed a synapse in the olfactory bulb, at which time it is 
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"instructed" to make a particular eceptor choice by signals 
supplied by its synaptic partner. Such retrograde influ- 
ences have previously been implicated in the control of 
neuronal phenotype in other systems (reviewed in Pat- 
terson and Nawa, 1993). Yet another possibility is that the 
patterns of connectivity between sensory neurons ex- 
pressing different ORs and the olfactory bulb evolve from a 
temporal coordination between the maturation of different 
parts of the bulb and the onset of expression of different 
OR genes. In this model, sensory neurons expressing dif- 
ferent ORs would appear at different imes during ontog- 
eny, and each wave of neurons expressing a particular 
OR would synapse in the most newly developed region 
of the bulb. 
To investigate these possibilities, we examined the on- 
set and patterning of OR gene expression in the devel- 
oping mouse embryo. In addition, we examined OR gene 
expression in mutant embryos that lack olfactory bulbs. 
Our studies show that a variety of different OR genes are 
first expressed at approximately the same time during em- 
bryogenesis, arguing against the possibility that patterns 
of epithelium-bulb connectivity evolve from a process in- 
volving asynchrony in the expression of different ORs. Our 
experiments also show that OR genes are expressed in 
typical zonal patterns from the earliest time at which OR 
gene expression can be assessed. Importantly, these pat- 
terns are evident in the olfactory epithelium prior to the 
time at which olfactory sensory neurons begin to form syn- 
apses in the olfactory bulb. In addition, we have found 
that normal patterns of OR gene expression develop in 
mutant animals that lack olfactory bulbs. Therefore, pat- 
terns of OR gene expression in the olfactory epithelium, 
and precise patterns of connectivity between the olfactory 
epithelium and bulb, do not derive from retrograde signals 
provided by synaptic partners in the olfactory bulb. Finally, 
our experiments indicate that at least several components 
of the olfactory sensory transduction cascade are ex- 
pressed early in development, suggesting an early func- 
tional capacity that could conceivably allow odor-dependent, 
activity-dependent mechanisms to contribute to the estab- 
lishment of patterns of epithelium-bulb connectivity prior 
to birth. 
Results 
OR Genes Are Expressed Prior to Synaptogenesis 
In our initial studies, we examined the onset of OR gene 
expression during mouse embryogenesis by in situ hybrid- 
ization. Radiolabeled RNA probes were prepared from 
cloned coding region segments of mouse OR genes and 
then hybridized to sections spanning the olfactory epithe- 
lia of mice ranging in age from embryonic day 8.5 (E8.5) 
to E16.5. The OR genes examined had previously been 
characterized by in situ hybridization to adult tissue, 
Southern blotting, and nucleotide sequencing. Each of the 
OR genes hybridizes to a different set of restriction frag- 
ments on Southern blots of genomic DNA, indicating that 
each belongs to a different subfamily of 1-7 highly related 
genes (Ressler et al., 1993; S. L. S., M. C. Adamson, 
Table 1. Early Developmental Onset of OR Gene Expression 
Embryonic Age 
(Length) M40 K20 M49 A16 M41 
Ell.5 
(6-7 mm) 
Animal 1-4 
Animal 5 
Animal 6 
Animal 7 
Animal 8 
Animal 9 
E12.5 
(8-9 mm) 
Animal 1 
Animal 2 
Animal 3 
Animal 4 
Animal 5 
Animal 6 
E13-E13.5 
(9.0 mm) 
Animal 1 
Animal 2 
(9.5 ram) 
Animal 1 
Animal 2 
(10.0 mm) 
Animal 1 
Animal 2 
(10.5 mm) 
Animal 1 
Animal 2 
0 0 0 0 0 
0 1 0 0 0 
1 0 0 0 0 
1 0 0 0 0 
0 0 1 0 0 
0 0 1 0 0 
0 0 0 0 0 
1 0 0 2 0 
2 0 1 1 0 
3 3 1 3 0 
1 2 1 
3 0 0 
5 3 9 
9 5 12 
12 18 46 
11 5 10 
27 19 29 
33 51 76 
25 57 84 
44 33 61 
Sequential sections panning the olfactory epithelium ofeach embryo 
were hybridized, in turn, to each of the probes indicated such that 
each probe was hybridized to an equal number of morphologically 
equivalent sections. Each probe was hybridized to either every sixth 
(El 1.5 animals and E12.5 animals 1-4) or every third (E12.5 animals 
5-6 and all E13-E13.5 animals) tissue section. The number of hybrid- 
ized neurons observed with each probe is given. Embryonic age was 
determined by crown to rump length according to the Thieler aging 
scale (Thieler, 1989). 
K. J. R., C. A. Kozak, and L. B. B., submitted). Our previous 
studies indicate that the members of each subfamily are 
expressed in the same spatial zone in the adult olfactory 
epithelium. 
OR gene expression was first observed in the olfactory 
epithelium at E l l .5 .  At this stage, a small number of hy- 
bridized cells was seen in some, but not all, embryos. 
When consecutive sections spanning the olfactory epithe- 
lium of nine E1 1.5 embryos were hybridized, in turn, with 
5 different OR gene probes, 1 hybridized cell was observed 
in five of the nine embryos (Table 1). A day later in develop- 
ment, hybridized cells were seen in a higher percentage 
of the embryos; however, only a few hybridized cells were 
observed. Further in situ hybridization experiments with 
3 of these probes indicate that the number of cells express- 
ing OR genes increases dramatically between E12.5 and 
E13.5 (Table 1). At this stage, it appears that the olfactory 
epithelium is maturing rapidly, and the number of OR- 
expressing neurons varies with even slight differences in 
the maturity of the embryos. We observed hybridized neu- 
rons throughout he anterior-posterior extent of the nasal 
cavity in these experiments. 
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At the time when we first observed OR gene expression, 
the olfactory bulb is just beginning to form. In agreement 
with previous studies (Hinds, 1972a, 1972b; Cuschieri and 
Bannister, 1975a, 1975b; Gong and Shipley, 1995), we 
found that at E12.5 sensory axons expressing GTPase- 
activating protein 43 (GAP43) have reached the periphery 
of the olfactory bulb anlagen but have not entered it (data 
not shown). It has been reported that the first synapses 
between olfactory sensory axons begin to form in the 
mouse olfactory bulb at E14 (Hinds and Hinds, 1976a, 
1976b). This is 2-3 days after OR gene expression was 
first seen in the olfactory epithelium in our experiments. 
This argues against the possibility that synaptic partners 
in the olfactory bulb provide retrograde signals to sensory 
neurons that induce the expression of specific OR genes. 
To examine whether there are temporal differences in 
the onset of expression of different OR genes, we con- 
ducted in situ hybridization experiments with a set of 12 
OR gene probes, consisting of three representatives of 
each of the four expression zones in the nose (Table 2). 
The 12 probes were hybridized, in turn, to sequential sec- 
tions spanning the olfactory epithelia of two E13 embryos 
and two E13.5 embryos. With each probe, hybridized cells 
were observed in the olfactory epithelia of at least two 
of the embryos tested, indicating that the developmental 
onset of expression of different OR genes is similar. This 
argues against the possibility that temporal differences in 
the onset of expression of different OR genes contribute 
to the formation of a stereotyped projection map in the 
olfactory bulb. 
Zonal Patterns Appear Prior to Synaptogenesis 
Although OR genes appear to be expressed by olfactory 
sensory neurons before they form synapses in the bulb, 
it is conceivable that spatial zones of OR gene expression 
are imposed by bulb-derived signals. For example, one 
or more OR genes might be activated at random in the 
neuron, but following synapse formation the synaptic tar- 
get might cause a switch in OR gene expression to a partic- 
ular OR gene or, alternatively, permit the survival of only 
those neurons that express a particular receptor type. If 
either of these mechanisms were used in the olfactory 
system, one might initially see individual OR genes ex- 
pressed randomly throughout the olfactory epithelium, 
with zonal patterning appearing only after synapse forma- 
tion in the olfactory bulb. 
To examine this possibility, sections from animals of 
several embryonic and neonatal ages were hybridized with 
3 OR probes (M40, K20, and A16), and the spatial patterns 
of hybridized cells were analyzed. For simplicity, we refer 
to the four spatial zones that we have previously character- 
ized in the olfactory epithelium as zones 1-4, with zone 
1 being the most dorsally located and zone 4 the most 
ventrally located of the set. Previous studies indicate that 
in the adult animal M40, K20, and A16 hybridize to neurons 
in spatial zones 1, 2, and 4, respectively (Ressler et al., 
1993; S. L. S., M. C. Adamson, K. J. R., C. A. Kozak, and 
L. B. B., submitted). 
Representative hybridized sections from E13, E14.5, 
E16.5, and adult animals are shown in Figure 1. The re- 
sults that we obtained indicate that spatial zones of OR 
gene expression are present in the olfactory epithelium 
from the earliest time at which the number of hybridized 
cells is high enough to permit analysis (E13). The spatial 
zones of expression of the three OR subfamilies in the 
mouse embryo resemble those seen in the adult in that 
they are bilaterally symmetrical in the two nasal cavities 
and are organized along the dorsal-ventral and medial-  
lateral axes. As in the adult, the M40 expression zone 
(zone 1) is located dorsal and medial to the K20 expression 
zone (zone 2), and the K20 expression zone is located 
dorsal and medial to the A16 expression zone (zone 4). 
Although the spatial zones are clearly present by E13, 
they become more obvious as the olfactory epithelium in- 
creases in size. 
Patterns of OR Gene Expression Develop Normally 
in the Absence of an Olfactory Bulb 
Although the above experiments argue against the possi- 
bility that synaptic partners in the bulb direct OR gene 
expression and zonal patterning in the olfactory epithe- 
lium, they cannot absolutely exclude this possibility. For 
example, even though olfactory sensory axons are largely 
confined to regions just outside the developing bulb, a 
small number of sensory axons, too few to have been 
detected in previous studies of synaptogenesis in the bulb, 
Table 2. A Diverse Array of OR Genes Is Expressed by E13-E13.5 
Zone 1 Zone 2 Zone 3 Zone 4 Embryonic Age 
(Length) K18 M40 M25 K4 K20 M49 L45 M64 M76 At6 M41 M50 
E13 (10 mm) 
Animal 1 + (2) + (3) + (2) + (2) + (21) + (3) - + (4) + (4) + (25) + (3) - 
Animal 2 + (1) + (4) + (2) + (1) + (20) + (3) + (2) + (1) + (2) + (15) - + (2) 
E13.5 (10.5 ram) 
Animal 1 + (2) + (11) + (4) + (6) + (21) + (2) + (9) + (4) + (7) + (21) + (2) - 
Animal 2 + (3) + (2) + (2) + (6) + (17) + (4) + (5) + (5) + (3) + (26) + (1) + (2) 
Twelve OR probes, three representatives of each of the four spatial zones (zones 1-4) in the nose, were hybridized, in turn, to serial sections 
spanning the olfactory epithelia of two E13 and two E13.5 embryos. Since each probe was only hybridized to every twelfth section, a gene was 
censidered to be expressed (+) if one or more hybridized cells were observed. The number of hybridized cells observed in each case is given in 
parentheses. Embryonic age was determined by crown to rump length (Thieler, 1989). 
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Figure 1. Zonal Patterns of OR Gene Expression Appear Early in Development 
Coronal sections through the olfactory epithelium of embryonic and adult mice were hybridized with OR probes prepared from 3 receptor clones, 
M40, K20, or A16, which are expressed in zones 1,2, and 4, respectively, in the adult• The developmental ages of embryos, as determined by 
timed pregnancies, are indicated• Adults were 4 weeks old. Under dark+field illumination, hybridized cells appear as bright spots within the olfactory 
epithelium. Neurons that hybridize to the 3 probes localize to different regions of the olfactory epithelium at all ages examined• The regional 
distributions of hybridized cells indicate that zonal patterns of OR gene expression are present as early as E13. Bars, 250 ~m (embryonic sections), 
500 I~m (adult)• 
might have formed synapses inside the bulb. In addition, 
it is possible that signals provided by the periphery of the 
olfactory bulb could impose zonal patterning on the epithe- 
lium via their actions on sensory axons arrayed near the 
bulb surface. 
To investigate these possibilities, we examined OR 
gene expression and patterning in extra-toes u (X~ mutant 
mice, which lack olfactory bulbs (Hui and Joyner, 1993)• 
Beginning with the description of the Xt mutant mouse by 
Johnson (1967), a number of studies have examined the 
development of mice homozygous for the Xb j mutation, as 
well as several other independent mutations affecting the 
Gfi3 gene (Johnson, 1967; Hui and Joyner, 1993; Naruse 
and Keino, 1993; Franz, 1994; Naruse et al., 1994; Schim- 
mang et al., 1994). Mice homozygous for mutations in the 
Gli3 gene die in utero, or within 2 days after birth, and 
show a number of developmental abnormalities, including 
polydactyly and gross malformations of the brain. Most 
important for our experiments were observations that 
these mice fail to develop olfactory bulbs• Previous studies 
of the olfactory systems of Gli3 homozygous mutants indi- 
cate that in normal littermates the olfactory nerve attaches 
to the telencephalon at E12, and the anlage of the olfactory 
bulb protrudes from the telencephalon at E13. In contrast, 
in Gli3 homozygous mutant littermates, the olfactory nerve 
does not attach to the telencephalon, and the olfactory 
bulb fails to evaginate from the telencephalon (Johnson, 
1967; Naruse and Keino, 1993; Naruse et al., 1994). Fur- 
thermore, immunohistological studies indicate that, as in 
normal mice, the olfactory nerve of the mutants reaches 
the brain; however, unlike in the normal animals, it fails 
to enter the brain (Franz, 1994; Naruse et al., 1994). At 
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H & E OMP Figure 2. Xt J Homozygous Mutant Embryos 
Exhibit Agenesis of the Olfactory Bulb but Nor- 
mal Development ofthe Olfactory Epithelium 
Coronal sections through the nasal cavities of 
E18 XH homozygous embryos (-/-) and control 
(+/+) littermates were either histologically 
stained with hematoxylin and eosin (H & E) or 
immunostained with an anti-OMP antibody 
(OMP) that recognizes mature olfactory sen- 
sory neurons and their axons (Danciger et al., 
1989). In homozygous mutants the olfactory 
bulbs (OB), distinguishable by their laminar o - 
ganization in the wild-type (CONTROL) sec- 
tion, fail to form from the telencephalon (T). 
Olfactory sensory neurons within the pithe- 
lium and olfactory nerve bundles are immuno- 
positive for OMP in both the mutant and control 
embryos. Note that While the OMP ÷ olfactory 
axons enter the OB in control embryos, they fail 
to do so in the mutant embryos (arrowheads). 
Developmental ages were determined by 
timed pregnancies. Bar, 250 pm. 
later stages of development, when the sensory axons com- 
posing the nerve in normal mice have their terminals in 
the olfactory bulb, those of the mutants have still failed to 
enter the brain and, instead, have formed a thick tangle 
just above the bony cribriform plate (Johnson, 1967; Nar- 
use et al., 1990). Even at late stages of development, here 
is no evidence of olfactory bulbs in the mutant mice (John- 
son, 1967; Naruse et al., 1990; Franz, 1994). 
in our studies, mice heterozygous for the X~ mutation 
were first mated, and homozygous mutant, heterozygous, 
and wild-type embryos of two ages (E16 and E18) were 
recovered from the crosses. To examine the morphology 
and maturity of the olfactory epithelium and olfactory bulb 
in these embryos, alternate coronal or sagittal sections 
from E18 homozygous mutants (n = 3) or their wild-type 
littermates (n = 2) were stained histologically or immuno- 
stained with antibodies against olfactory marker protein 
(OMP), a protein expressed in mature olfactory sensory 
neurons (Danciger et al., 1989) (Figure 2). In histologically 
stained sections of mutant embryos, the olfactory bulbs, 
which display a characteristic laminar structure, are 
clearly absent. Nonetheless, the olfactory epithelia of the 
mutant embryos appear normal: OMP ÷ cells are present 
in the olfactory epithelium, and OMP ÷ axon bundles are 
seen in the underlying lamina propria. However, while in 
normal embryos these axon bundles extend through the 
cribriform plate and invade the olfactory bulb, in the mutant 
embryos, the OMP ÷ axons form a thick tangle just above 
the cribriform plate. Consistent with other studies that ex- 
amined olfactory sensory axons by immunostaining with 
antibodies against N-CAM or L1 (Franz, 1994; Naruse et 
al., 1994), the axons of olfactory sensory neurons appar- 
ently do not invade the anterior part of the telencephalon, 
which in normal animals develops into the olfactory bulb. 
We next examined the expression of OR genes in Xt J 
mutant, heterozygous, and wild-type littermates (litter 
ages were E16 or E18). The OR probes used, M40 and 
A16, hybridize to neurons in zones 1 and 4, respectively. 
Representative hybridized sections from mutant and wild- 
type (or heterozygous) embryos are shown in Figure 3. 
The numbers of hybridized neurons observed in mutant, 
heterozygous, and homozygous embryos were similar, ar- 
guing against suggestions that neurons may express mul- 
tiple receptor types prior to synapse formation. Further- 
more, the patterns of hybridization observed in the mutant, 
heterozygous, and wild-type littermates with these 2 
probes were indistinguishable. The positions of hybridized 
cells in the mutant mice indicate that the expression of 
each of the OR gene subfamilies is confined to a zonally 
appropriate region of the olfactory epithelium. Moreover, 
the zonal expression patterns of OR genes in the mutant 
animals lacking olfactory bulbs appear to be the same as 
those in the heterozygous and wild-type littermates. These 
data show definitively that neither OR gene expression 
nor zonal patterning is imposed by the olfactory bulb via 
synaptic partners in the olfactory bulb. In addition, these 
results exclude the possibility that bulb-derived factors act 
on sensory axons that have not yet entered the olfactory 
bulb to induce OR expression or zonal patterning. 
Genes Encoding Sensory Transduction 
Components Are Expressed Embryonically 
In addition to ORs, olfactory sensory neurons specifically 
express a number of molecules that are believed to be 
involved in the transduction of olfactory stimuli (reviewed 
in Reed, 1994). Previous studies suggest hat the final 
maturation of olfactory sensory neurons does not occur 
until after contact is made between sensory axons and 
bulb neurons (reviewed in Farbman, 1994). This sug- 
gested that specification of part of the olfactory sensory 
neuron phenotype could require retrograde signals pro- 
vided by the olfactory bulb. 
To address this possibility, we performed in situ hybrid- 
ization studies in which we first examined, in normal em- 
bryos (E10.5-E16.5), the onset of expression of two pre- 
sumed components of the olfactory signal transduction 
machinery, the stimulatory G protein ~ subunit, Go, (Jones 
and Reed, 1989), and an olfactory-specific subunit of a 
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Figure 3. Xt J Mutant Embryos Exhibit Normal 
Patterns of OR Gene Expression 
Coronal sections of the olfactory epithelia of 
E18 mice homozyous for the Xt J mutation (MU- 
TANT) or control littermates (+/+ or +/-) were 
hybridized with probes prepared from the OR 
genes, M40 and A16, which are normally ex- 
pressed in spatial zones 1 and 4, respectively. 
Similar, and characteristic, zonal patterns of 
OR gene expression are evident in both mutant 
and control animals• Developmental ages were 
determined by timed pregnancies. Bar, 250 #m. 
cyclic nucleotide-gated cation channel (oCNC1; Dhallan 
et al., 1990) (Figure 4A). As a control, we also examined 
the onset of OMP expression. OMP is expressed in mature 
olfactory sensory neurons, and its appearance occurs 
early in mouse development (Monti Graziadei et al., 1980; 
Danciger et al., 1989). In addition, we examined whether 
these genes are expressed in XP mutant embryos in which 
olfactory bulbs are absent (Figure 4B). 
In normal animals, we observed a high level of expres- 
sion of Golf and oCNC1 in the olfactory epithelium by E16.5 
(Figure 4A). This is consistent with previous observations 
that both oCNC1 and Go, are expressed prior to birth in 
the rat (Margalit and Lancet, 1993; Menco et al., 1994). 
In the same series of studies, an OMP probe hybridized 
strongly to isolated neurons as early as E12.5. 
OMP and oCNC1 hybridization was also transiently 
( - E12.5-E14) observed in a cluster of cells located dorsal 
to the olfactory epithelium and just ventral to the devel- 
oping olfactory bulb. OMP expression in these cells has 
been previously reported and may colocalize with an olfac- 
tory epithelium-derived, N-CAM-immunoreactive cell ag- 
gregate proposed to play a role in the pathway followed 
by migrating luteinizing hormone-releasing hormone neu- 
rons (also derived from the olfactory epithelium) and/or 
olfactory sensory axons (SchwanzeI-Fukuda et al., 1992; 
Valverde et al., 1993). Examination of E13.5 sections from 
the same animal suggests that, although OMP and oCNC1 
are expressed in these cell clusters, Golf is not. The biologi- 
cal significance of OMP and oCNC1 expression in these 
cells has not been explored. 
The patterns of hybridization observed with these 
probes in the olfactory epithelia of homozygous Xt j mutant 
mice resemble those observed in wild-type and heterozy- 
gous littermates (Figure 4B). The hybridization observed 
with the OMP probe is consistent with the aforementioned 
immunohistological observation that OMP ÷ neurons and 
axons are present in the homozygous mutant embryos. 
These results show that genes encoding at .least two 
presumed components of the olfactory signal transduction 
cascade, Go, and oCNC1, are highly expressed by olfac- 
tory sensory neurons, independently of interactions of 
these neurons with the olfactory bulb. However, given indi- 
cations that the prolonged survival of olfactory sensory 
neurons may require trophic support from the olfactory 
bulb (Monti Graziadei, 1983; Schwob et al., 1992; Farb- 
man, 1994), it is possible that these neurons are shorter- 
lived in the mutant mice than in normal animals. 
The early expression of ORs as well as sensory trans- 
duction molecules suggests that by E16.5 olfactory sen- 
sory neurons might be capable of generating action poten- 
tials in response to sensory stimuli available in utero. This 
further suggests the possibility that odor-dependent, activ- 
ity-dependent mechanisms could be used by sensory neu- 
rons to find their appropriate targets, or target regions, 
prior to birth. 
Discussion 
In the present studies, we have examined the onset of OR 
gene expression as well as its patterning in the developing 
mouse embryo and in mutant mice that lack olfactory 
bulbs. We have found that OR genes are first expressed 
in the olfactory epithelium at E11.5-E12.5, and that the 
onset of expression of different OR genes is similar. We 
have also found that appropriate zonal patterns of OR 
gene expression are evident in the olfactory epithelium 
prior to the time at which the axons of olfactory sensory 
neurons are reported to first form synapses in the olfactory 
bulb. Furthermore, these patterns appear to develop nor- 
mally in mice that lack olfactory bulbs. Finally, our experi- 
ments indicate that at least two components of the olfac- 
tory signal transduction cascade are expressed before 
birth in both normal and mutant animals, These results 
are pertinent o an understanding of the mechanisms un- 
derlying zonal patterning and receptor choice in the olfac- 
tory epithelium and the mechanisms by which a highly 
organized pattern of sensory input is achieved in the olfac- 
tory bulb. 
Neuronal Specification: Receptor Choice 
The functional identity of an olfactory sensory neuron is 
determined by which 500-1000 of the different OR genes it 
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Figure 4. oCNC1 and Go, Are Expressed Embryonically in Normal and Xt J Mutant Embryos 
(A) Coronal sections from normal E13.5 and E16.5 embryos were hybridized with probes prepared from cloned segments of genes encoding a 
cyclic nucleotide-gated channel subunit (rOCNC1), Go,, r OMP. Strong hybridization within the olfactory epithelium is clearly evident with all 3 
probes by E16.5. A cluster of cells (arrows) located dorsal to the olfactory epithelium hybridized with both the OMP and rOCNC1 probes at E13.5 
(see text). 
(B) Coronal sections from E18 mice homozyous for the Xt ~ mutation (MUTANT) or control (+/+ or +/-) littermates were hybridized with rOCNC1, 
Go~,, or OMP probes. Developmental ages were determined by timed pregancies. Patterns of expression of oCNC1, Go~, and OMP in mutant 
embryos are comparable to those observed in control littermates. 
Bars, 250 p.m. 
expresses: The small percentage of neurons that express 
each OR gene suggests that each neuron might express 
only a single OR gene. When and how does the cell select 
perhaps 1 OR gene to express from among a vast number 
of possibilities? 
In our studies, OR gene expression was first evident in 
the mouse olfactory epithelium at E11.5-E12.5. This early 
expression of OR genes, prior to the reported onset of 
synapse formation in the olfactory bulb (Hinds and Hinds, 
1976a, 1976b), is consistent with previous analysis of 1 
mouse OR gene and with recent analyses of the onset of 
OR gene expression in the rat (Nef et al., 1992; Strotmann 
et al., 1995). However, it is in contrast with another report, 
based on PCR analyses, that concluded that OR gene 
expression occurs later in development and coincides with 
synaptogenesis (Margalit and Lancet, 1993)• The likely 
explanation for this discrepancy is that in situ hybridization 
provides a more sensitive assay of OR gene expression 
than the PCR techniques employed in the latter study. 
The expression of OR genes in the olfactory epithelium 
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at least 2 days prior to the onset of synaptogenesis in the 
bulb and the expression of OR genes in animals that lack 
olfactory bulbs provide definitive evidence that the induc- 
tion of OR gene expression occurs independently of poten- 
tial retrograde influences of synaptic partners, or of diffus- 
ible factors supplied by the olfactory bulb to sensory axons 
prior to synapse formation. Our studies also argue against 
the possibility that zonal patterning in the olfactory epithe- 
lium is influenced by the olfactory bulb. We find that OR 
genes are expressed in appropriate zonal patterns by E13. 
Furthermore, zonal patterns of OR gene expression are 
evident in mutant mice that lack olfactory bulbs. 
Our data suggest that both zonal patterning and recep- 
tor choice are intrinsic properties of the olfactory epithe- 
lium and are consistent with a model in which each neuron 
randomly selects an OR gene for expression from among 
the members of a particular zonal gene set. The random 
choice of an OR gene appears to occur late in neurogen- 
esis. Olfactory sensory neurons are short-lived cells that 
are derived throughout life from stem cells in the olfactory 
epithelium (Moulton, 1974; Graziadei and Monti Grazia- 
dei, 1979). Anatomical studies and retroviral ineage trac- 
ing analyses suggest that the numerous progeny of an 
individual stem cell ultimately reside in the general vicinity 
of one another (Graziadei and Monti Graziadei, 1979; Cag- 
giano et al., 1994). Since neurons expressing the same 
OR gene are not clustered in the olfactory epithelium, it 
appears likely that OR gene choice (receptor choice) is 
no t prespecified in the stem cell, but rather occurs late in 
neurogenesis (Ngai et al., 1993; Ressler et al., 1993). 
Although final receptor choice appears to occur late in 
neurogenesis, the zonal specification of the neuron may 
derive from an early positional marking of the olfactory 
stem cell. For example, prior to the development of the 
nasal pit, zones might be established as horizontal stripes 
along the dorsal-ventral axis of the olfactory placode, and 
the complex zonal patterns seen in the adult nose could 
result from differential patterns of growth of the nasal turbi- 
nates from this simply patterned two-dimensional sheet 
(Ressler et al., 1993). In the embryonic animals we have 
examined, a simple zonal patterning is indeed present 
before the formation of turbinates, thus supporting this 
idea. However, it is also possible that other cells in the 
epithelium marked with zonal identities interact with the 
developing neuron via diffusible or cell surface molecules 
to direct receptor choice to a particular zonal gene set. 
Consistent with previous studies (Hinds, 1972a, 1972b; 
Cuschieri and Bannister, 1975a, 1975b; Gong and Shipley, 
1995), we have observed a dense array of GAP43 + sensory 
axons dorsal to the olfactory epithelium at E12.5. This 
suggests a further possibility, that signals provided by the 
mesenchyme underlying the olfactory epithelium or in the 
space between the epithelium and bulb might in some 
way be involved in zonal specification or might induce the 
expression of OR genes. 
Neuronal Specification: Synaptic Target Choice 
In the olfactory epithelium, neurons expressing the same 
OR gene are confined to a single spatial zone but are 
randomly distributed throughout hat zone (Ressler et al., 
1993; Vassar et al., 1993). However, in the olfactory bulb, 
the axons of these neurons converge on a few spatially 
stereotyped sites (Ressler et al., 1994b; Vassar et al., 
1994). Moreover, it appears that each glomerulus may 
be dedicated to information provided by a single OR and 
receive input only from neurons expressing that OR. The 
mechanisms that shape the patterning of synaptic input 
to the olfactory bulb are currently unknown. However, the 
present studies argue against several previously proposed 
mechanisms. 
Theoretically, the patterning of OR input to the olfactory 
bulb could be dictated exclusively by the bulb itself. In this 
model, the olfactory sensory neuron would form a synapse 
in the olfactory bulb and then be instructed by its synaptic 
partner to express a particular OR gene. Our studies ex- 
clude this possibility. We have found that during em- 
bryogenesis olfactory sensory neurons express OR genes 
at least 1-2 days before the first synapses have been re- 
ported to form between olfactory sensory neuron axons 
and the dendrites of olfactory bulb neurons. Furthermore, 
the patterning of OR gene expression in the olfactory epi- 
thelium at this stage resembles that of the adult animal. 
In addition, we have found that normal patterns of OR gene 
expression develop in Xt ~ mutant mice that lack olfactory 
bulbs. Clearly, the olfactory sensory neuron selects an OR 
gene for expression before its axon forms synapses in 
the olfactory bulb; receptor choice is not imposed on the 
sensory neuron by synaptic partners in the olfactory bulb. 
It has also been proposed that patterns of connectivity 
between the olfactory epithelium and olfactory bulb might 
be established by a coordination between the initial ex- 
pression of different OR genes and the development of 
different parts of the bulb. Our studies also argue against 
this possibility. Each of the 12 OR genes examined was 
first expressed at about the same time during embryogen- 
esis. We could find no evidence to support the idea that 
different OR genes might be turned on at different imes. 
Our studies indicate that the olfactory sensory neuron 
is already expressing a particular OR when its axon is in 
the process of locating its appropriate synaptic target. This 
raises the possibility that the OR itself might be involved 
in targeting. This involvement could take one of two forms. 
First, the OR itself could serve to recognize, or could be 
recognized by, molecules unique to a given target. Sec- 
ond, the interaction of the OR with odorants could allow 
for the operation of ligand-dependent, activity-dependent 
mechanisms (reviewed in Shatz, 1990; Goodman and 
Shatz, 1993) in which the sensory axon would not form 
an enduring synapse until that time when it fires action 
potentials simultaneously with other sensory axons that 
have synapsed on the same target (LeVay et al., 1980; 
Stryker and Strickland, 1984; reviewed in Shatz, 1990). 
Our experiments indicate that, in addition to a wide vari- 
ety of ORs, at least two components of the olfactory trans- 
duction machinery are expressed in olfactory sensory neu- 
rons as early as E16.5, 3 days prior to birth. Embryonic 
expression of oCNC1 and Go, has also been observed in 
the rat (Margalit and Lancet, 1993; Menco et al., 1994). 
These observations raise the possibility that odor-depen- 
dent, activity-dependent mechanisms may operate as 
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ear ly as E16.5 (2 -3  days prior to birth) and are cons istent  
with reports  of in utero o l factory learning of  food prefer-  
ences  in rats (St ickrod et al., 1982; Hepper ,  1988; re- 
v iewed in Schaa l  and Orgeur ,  1992). Act iv i ty -dependent  
mechan isms could serve to ref ine a crude mapping  of 
inputs in the o l factory bulb that  might result f rom the pair- 
ing of  express ion  of each OR with a un ique combinat ion  
of  axona l  gu idance  and/or  target recognit ion molecules .  
Alternat ively,  act iv i ty -dependent  mechan isms a lone might 
dr ive format ion  of  a s tereotyped map on the basis  of func- 
t ional interre lat ionships among di f ferent ORs,  which, for 
example ,  might  favor  close ne ighbor  re lat ionships among 
inputs f rom related ORs. 
Experimental Procedures 
In Situ Hybridization 
Receptor clones used in these studies have been described previously 
(Ressler et al., 1993; S. L. S., M. C. Adamson, K. J. R., C. A. Kozak, 
and L. B. B., submitted). In situ hybridization analyses with 3~S-labeled 
antisense RNA probes were performed on 6 or 8 p.m serial sections 
of the mouse nasal cavity spanning the olfactory epithelium. Tissue 
preparation, probe preparation, and hybridization conditions have 
been described recently (Sassoon et al., 1988; Ressler et al., 1993). 
The Go, and rOCNC1 clones used to generate the probes used in 
the in situ hybridization studies were kindly provided by Dr. R. Reed 
and have been described previously (Jones and Reed, 1989; Dhallan 
et al., 1990). The OMP clone was a generous gift from Dr. F. Margolis 
and has also been described (Danciger et al., 1989; Ressler et al., 
1993). Images were processed using Adobe Photoshop. 
Animals 
C57BL/6J mice and Xt ~ heterozygous mice in a C3H background were 
obtained from the Jackson Laboratory for use in these studies. 
Embryos were obtained from timed pregnancies or aged according 
to crown to rump length and the Thieler aging system (Thieler, t989; 
Kaufman, 1992). For the embryos obtained from timed pregnancies, 
the morning after mating was considered E0.5, and subsequent days 
of embryonic development were numbered consecutively. 
XE mutant mice were obtained as heterozygotes and mated. Homo- 
zygous, heterozygous, and wild-type embryos (E16 or E18) were recov- 
ered from these crosses. Homozygous mutants were identified based 
on paddle-shaped footplate with eight or nine digits and brain malfor- 
mations. Heterozygotes were distinguished from wild-type littermates 
based on the presence of extra digits on the preaxial side of forefeet 
and hindfeet. With respect to olfactory bulb morphology, wild-type and 
heterozygous embryos were indistinguishable. 
Immunohistochemistry 
Immunohistochemistry was performed on 10 #m paraffin-embedded 
sections of the olfactory epithelia and bulbs from E18 embryos. 
Analysis was done on three Xt ~ homozygotes and two wild-type lit- 
termates. Sections were dehydrated, rinsed in phosphate-buffered sa- 
line (PBS), and then either counterstained with hematoxylin and eosin 
or immunostained using an anti-OMP antibody. Immunostaining was 
performed using the ABC Elite kit (Vector Labs, Burlingame, CA). In 
brief, sections were rinsed with PBS, pretreated with 0.5% H202 in 
methanol for 10 min, rinsed in PBS, then blocked for 1 hr in PBS 
con!aining 10% fetal calf serum and 0.10/o Triton X-100. Sections were 
then incubated overnight at 4°C in anti-OMP antibody (kind gift of Dr. 
F. Margolis) diluted 1:400 (Xt J homozygotes) or 1:600 (wild-type) in 
blocking solution. Sections were then incubated for 2 hr with a biotinyl- 
ated horse anti-goat secondary antibody diluted 1:500 in blocking solu- 
tion, incubated with the avidin-biotin complex diluted 1:500 in PBS 
containing 0.1% Triton X-100 for 1.5 hr, and reacted with diaminoben- 
zidine. Sections were rinsed in PBS between steps. 
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